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Executive Summary
In keeping with the California Polytechnic State University motto of “Learn by
Doing”, this project was performed by Mechanical Engineering students Joe Cloutier,
Josh Kessler, and Mike Jaskulsky II as their senior project. Starting in the Fall 2009
quarter and reaching completion with the end of the Spring 2010 quarter, this project
provided these students with experience in application of a formal engineering design
process in the solving of an open-ended engineering design problem, in developing and
maintaining an engineering project schedule, as well as providing further experience
working on an engineering team.
As the engineers of Parker Aerospace seek to use different metals in their high
performance bearing applications than have traditionally been used in the past, often
the data does not exist for them to be able to accurately design against brinelling. To
provide their engineers with this data, Parker Aerospace proposed the following as a
senior project to Cal Poly’s seniors. They requested that a team of engineering students
would design, fabricate, assemble, and validate through testing a machine that would
determine the loads at the onset of brinelling for different metals and would allow for
multiple measurements to be taken from each set of sample materials tested. Some of
the secondary design requirements were for the test fixture to be portable, small enough
to be used as a desktop unit, be able to accommodate a thermal chamber around the
test area, and also provide measurements of the total deformation of the sample
materials when under load. Also, time allowing, Parker Aerospace requested that the
senior project team devote the last part of the last quarter to using the machine to
provide data for a number of materials that they will provide.
The loads that the test machine would need to deliver to test all material samples
to the onset of brinelling were determined through hertzian contact stress analysis.
These calculated loads were then used to determine the deflection of the sample
materials, allowing for the sizing of structural components and selection of necessary
sensors.
The design for the fixture was developed around the initial design concept
displayed in the Project Proposal by Parker Aerospace. After developing a number of
different designs and variations of specific components of the fixture, the best of these
design variations were presented to a panel of Parker Aerospace’s engineers during a
Preliminary Design Review. From these designs, a final design was selected and
various modifications were made as suggested by Parker. A final design was decided
on and the rest of the project was completed by the end of the Spring quarter.

Introduction
Sponsor Background and Needs
As Parker Aerospace works to develop bearings to meet their high performance
requirements, they have been seeking to push the materials they use for their bearing
races to the very extent of their loading limits. While a wealth of data is available for
standard bearing materials, Parker engineers will need to test the brinelling limits of new
materials so they may be utilized. Brinelling limits are found to be functions of the type
of bearings, the material and heat treatment, and the operating temperatures of the
bearing applications. This project will help Parker Aerospace test the loading limits of
various metals in order to choose the lightest and most durable materials that will
endure higher loads before Brinelling occurs.

Formal Problem Definition
The goals for this project were to design and build a test fixture, test the fixture
against materials with known load limits, and determine the load limits of new material
samples. The test fixture needed to be small enough to be portable and fit on a table
top. Also it had to accommodate the addition of a thermal chamber. This required the
instrumentation to be located such that they will not be affected by the thermal changes
of the test area.

Objectives
The goal for this project was to design, build, and validate through testing, a
portable, desktop test fixture that will determine the load limits of new material samples
at the onset of brinelling. Validation was performed by determining load limits from
samples of AISI 52100, a well-documented metal, and comparing the fixture’s output
values to documented values. Purchasing and machining selections were made such
that our senior project team members were able to perform all the required machining
for the components not purchased, detailed drawings are provided to Parker Aerospace
so they can easily reproduce, or fix, the machine. A QFD was developed to help
determine the design choice that best meets our project requirements. Some
highlighted requirements include:






A load cell to measure the forces exerted on the material
A way to measure the distance of compression with 1/10000” resolution
A way to easily log the data onto a laptop
Test 1/8” to ½” ball bearing and 1/8” to ¼” roller bearing samples between
two sample plates
Enclosure for the test samples to be heated or cooled, from -60F to
400F, while leaving the load cell and displacement measurement devices
open to ambient temperatures







Prefer 110V electrical outlet power source
Stiff apparatus that is able to sustain the maximum Brinelling loads without
significant deformation
Easily transportable
Sample trays
Validate the machine by testing a known material of AISI 52100

Management Plan
Everyone was responsible for contributing to the research, calculations, design
ideas, production, testing, and reporting. Joe was responsible for keeping track of all the
material, electronically and on paper. A Ghantt Chart with a complete breakdown of the
foreseen tasks and milestones for the project is provided in Appendix G.
Having completed all background research and preliminary design calculations
as well as the detailed design calculations used to size the components and select
materials and having completed formulation of a number of designs, our project team
was able to successfully enter the Preliminary Design Review with Parker Aerospace.
The PDR with our sponsor and a panel of engineers was held on November 20, 2009,
during which a final design was decided on. On leaving the PDR, we set the goal of
finishing the detail drawings for the apparatus and selecting sensors in preparation for
the beginning of fabrication and assembly during the Winter quarter.
After addressing the action items from the PDR, our Critical Design Review with
our sponsor and their panel of engineers was conducted during the first week of Winter
quarter, on January 8, 2010. During the weeks immediately after the CDR, our
attentions were focused on addressing the action items that arose during the meeting.
Five weeks after that meeting with our sponsor, that is six weeks into the next quarter,
we are planning to begin machining the parts not purchased. Completing the assembly
of the test fixture and compiling a complete Final Test Plan took place during the Spring
quarter.

Background
Background research has provided us with knowledge of common test machines
and practices. While each of these machines, by the intent of their design, could be
used to determine Brinelling limits, none of the machines viewed in our research would
be able to meet all the requirements for this project. The first and most significant issue
that arose was that only one sample piece could be tested at a time. The goal for this
new machine will be to test two sample plates during each load phase. Market research
has indicated that all of the machines readily available function by indenting the sample
material with a carbide ball. Depending on the price range, the indenting force can be

provided by hand, electronically, or hydraulically. Also the quality of load indicator will
fluctuate with price range. Another feature of the higher priced units is an optical scope
used to measure the indent, whereas lower priced models do not provide such units,
requiring additional equipment to be provided by the user.

Figure 1. 3000 BLD Brinell Tester from Wilson Instruments.

The 3000 BLD Brinell Hardness Tester, seen in Figure 1, is ideal for a wide
range of Brinell loads from 187.5 – 3000 kgf. It was designed with a rugged construction
to withstand harsh environments, and it combines high rigidity and close-loop load cell
technology to ensure accurate and safe load applications. This model also uses an
external microscope, which allows the operator to measure the diagonals and enter into
the built-in keypad calculator for quick Brinell hardness value display. It was designed
with an easy-to-use operator interface that allows for quick and easy set-up and
operation. The menu is displayed on a large LCD, which shows test parameters, Brinell
hardness, statistics, and conversion to ASTM and ISO.[3]

Figure 2.CLB3 Hardness Tester from Wilson Instruments.

The CLB3 Brinell Hardness Tester, seen in Figure 2, is a closed-loop Brinell
Hardness Testing instrument and is a unique testing solution for accurate, high-capacity
brinell testing. This model utilizes load cell technology and a proven Instron
tension/compression frame to deliver an unlimited load range from 32.5 – 3000 kgf. It
also includes a user-friendly control panel for method set up, start and stop, and a
return functionality, as well as a 10 mm carbide ball indenter and two brinell test
blocks.[2]
Nearly all metals can be tested with a brinell test by varying the test force and
material sizes. Common loads and sizes range from 500 to 3000 kg and 5mm to 10mm
carbide balls respectively. A large drawback is the need to measure the size of the
indent, which needs to be very accurate, in order to calculate the brinell hardness.[1]
While the scope of this project was only to be able to visually determine the load at
which brinelling occurs, excluding the need to determine the brinell hardness by
optically measuring the indent size, Parker’s lab facility does have access to the
necessary equipment to perform these measurements should these values become
needed in the future. Another drawback is that brinell test machines do not directly
provide the load values corresponding to the onset of surface deformation of the
materials.
The American Society for Testing & Materials provides codes and standards for
Brinell Testing. ASTM E-10 is a standard test for determining the brinell hardness of
metallic materials.[2] There is also an ISO 6506 standard defining the brinell test method.

Design Development
Discussion of Conceptual Designs
While it was established early on through discussions with Parker Aerospace that
AISI 52100 would be the benchmark material, it was also concluded that it would most
likely be the hardest material the fixture would have to test. With this maximum
hardness set, this allowed us to use calculations based on known values from AISI
52100 to determine the maximum load that the fixture would be required to provide.
From this maximum load calculation, analysis for selecting the necessary jack, load cell
and deflection measurement sensors, and sizing of structural components were
performed.
In order to calculate the maximum load at which samples would brinell, we used
hertzian contact stress relationships. At the time of our first meeting with Parker
Aerospace, they provided us with data related to the brinelling of a 1” diameter ball of
AISI 52100 steel. While we will only be testing ball bearings up to ½” in diameter, we
performed the hertzian calculations for a 1” ball to first confirm our calculations would
produce the same values Parker’s data indicated. As we would also be entering these
calculations into an EES (Engineering Equation Solver) program for simplicity of future
manipulation of parameters, this initial calculation would allow us to verify the output of
the program. The amount of load to brinell a 1” diameter ball of AISI 52100 was found,
by hand calculations and by the output of our EES program, to be about 850 lbs, thus
agreeing with Parker’s data.
With our hertzian calculations and computer program verified, we altered the
input parameters of the program in order to repeat the calculations for a ½” ball bearing
of AISI 52100 steel, which produced a load to brinelling of 213 lbs. We modified our
program and repeated these calculations to find the brinelling limit for a ½” diameter, ½”
long cylindrical bearing of the same material. This produced a much larger value of
7613 lbs. As this far exceeded the load we anticipated for spherical bearings, it would
likely require two different loading systems to provide the accuracy desired in both
loading ranges. After consulting with Parker engineers, we decided to reduce the
maximum size of roller bearings we would test to ¼” diameter and ¼” long. After
modifying these parameters in our EES code, a maximum load to brinelling of 1903 lbs
was calculated. From these calculations we decided to set the maximum load our test
machine would provide to 2000 lbs.
To determine the expected deformation of the samples, we utilized equations
published in the National Standards Laboratory Technical Paper Number 25 for both the
condition of a sphere between two plates and a cylinder between two plates. Our
calculations on the deflection of the ¼” diameter roller bearing show a compression
distance of about 0.0013”, so Parker directed us to find a displacement measurement

device with a resolution of +0.00001”. See Appendix A for loading and deflection
calculations.
There are many companies that provide ranges of load cells in different styles. A
pancake style load cell will work best with our application. The most cost effective jack
would be to use a manual bottle jack, like when jacking up an automobile. Other jacking
options were determined to be hydraulic or pneumatic, or either a manually or
electrically powered ball screw jack. We also checked multiple building materials and
sizes to choose the best design for the frame of the system. Strength, stiffness, and
deflections calculations helped us ensure our machine was designed appropriately and
safely.
In this and the following paragraphs, a number of initial designs for the overall
system and for individual components are presented. Figure 3 shows the initial design
presented by Parker, which seems to be the best layout for this machine.

Figure 3. Original design provided by Parker.

The jack is located on the bottom, and presses a slide, with the sample plate and
ball, into another sample plate. The load cell records the applied force. In this design,
the load cell would be initially in tension so that brings to question if a compression only
load cell can be used, or if a tension and compression load cell is needed.

Figure 4. Load cell above jack ram.

The system depicted in Figure 4 is a modification of the original design provided
by Parker. A key difference is that the load cell has been placed below the sliding table.
This allows for both the top plate and the slide to have a “Peg Board” layout so that the
sample plates can be moved for each load and the ball can stay loaded in line with the
jack and load cell.

Figure 5. Load cell on base and jack on top.

The design sketch in Figure 5 has the system flipped, with the jack placed on top
of the sliding plate. If the jack could somehow be attached to the sliding plate, then the
load cell would have only a couple of pounds initially recorded from the weight of only
one sample plate. The “Peg Board” layout, mentioned in the previous paragraph and
appearing in detail in the following figure, Figure 6, would also be used in this design.

Figure 6. Example of peg-board system.

To provide explanation of some finer details, more exact portions of the system
need to be addressed. Stickers can be made that can be applied to the sample plates
that have the test coordinates permanently marked for future use. This would allow for
consistent tracking of load values with respect to the position within the sample plate at
which that load was applied. The sample plates can have tapped, or drilled, holes in the
corners to allow the sample to be moved and located around in the peg board system
among tests.

Another design that could be considered if the analysis can be worked out would
be to use a two-post system, instead of four. This would mean that less material would
be needed to purchase. Also, there would be two less linear bearings to purchase.
Flange-Mount Linear Bearings were considered early on as they would provide
the best linearity for the system, but they also come at an increased cost. A competing
consideration was that a simple bushing between the guides and the slide plate might
perform equally well in this function. After discussions with Parker’s engineers it was
decided to only consider using flange-mount linear bearings. Figure 7 below shows the
flange-mount linear bearing as it would be installed.

Figure 7. Flange-mount linear bearing drawing.

There are multiple displacement measuring devices readily available. Some
instruments we have considered are: strain gage, digital dial indicator, linear actuator,
laser, and lever arm system. The strain gages are cheap, but require many man-hours
to setup on the system, and we would also need to find a way to have it correctly
measure the distance between the plates. The laser system has a high level of
accuracy, but comes at a high (but not prohibitive) cost. Many companies sell digital dial
indicators and linear position sensors that easily output data to a laptop, while keeping a
reasonable cost.

Figure 8. Lever Arm system for displacement measuring.

Figure 8 shows a design for utilizing lever arms to magnify the displacement
between the two sample plates. This would help reduce the level of resolution
necessary for our final measuring device. This system is very complicated, and requires
very precise machining and installation. It will be much easier to have extra material on
the sample plates where an indicator of some sort can poke through one sample plate,
and measure the distance to the other sample plate. This is shown below in Figure 9.

Figure 9. Dial Indicator displacement measuring.

After developing four complete designs, we held a Preliminary Design Review
with our sponsor on Friday, November 20, 2009. The action items from this meeting
consisted of contacting specific vendors for pricing and product delivery lead times and
the performing of a handful of calculations. These calculations were thread stress and
bolt torque calculations. A final action item from this meeting was to complete detailed
drawings of each component. After each of these action items had been met, we held a
Critical Design Review with Parker and a panel of the company’s engineers on Friday,
January 8, 2010. A list of action items were generated from this meeting as well. This
time the list consisted of the modification of the design of a handful of components, the
changing of the materials that certain components would be machined from, the
completion of detailed drawings of each part with any necessary geometric tolerances,
and the performing of a couple calculations. These calculations were to determine the
overall apparatus’ stability against tipping or excessive wobbling. With a few weeks
devoted to addressing the issues that arose during the meeting, we were able to order
commercial components and raw materials so that we could start machining and

building our test machine. Once the machine was completed, we were able to begin
validation of the text fixture and provide test data, along with a complete report, to
Parker at the end of the Spring quarter.

Design Selection
We all came up with our own designs that we thought would meet the design
criteria. The following paragraphs will give basic descriptions of the concept designs we
generated for presentation to Parker Aerospace during our Preliminary Design Review.

Figure 10. Design Concept 1 – Four post design with single sliding track.

The design in Figure 10 shown above consists of a four-post system, which has
a top and bottom plate that is fixed. The purpose of the bottom plate being a large
rectangular piece of steel is to prevent the machine from tipping over when applied with
a significant load to the top of the machine. The middle sliding plate is able to move
freely up and down with the motion of the jack shown in red. This sliding plate is
composed of three rectangular tubes that are sandwiched by two large rectangular
plates. The purpose of this sandwich structure is to add extra stiffness, since the
rectangular tubing is stiffer in the shown orientation, to be sure that it will not fail under
the loading conditions desired. The parts in dark grey are linear ball bearing flanges that
will allow the sliding plate to slide in the vertical plane with low friction, as well as with
low tolerances to minimize the angularity between the two column rods. The key
component in this design is the sliding mechanism, which can be seen by the green and
light grey parts. The green part is the sliding rails, which is directly mounted to the
sliding plate as well as to the load cell, which is mounted to the top plate. The light grey
parts are the sample plates, which are guided by the slide rails and have a series of
holes where a quick release locking pin can be used to lock the sample plate in place at
each sample location. This configuration will allow for the sample plate to be guided

unidirectionally, providing simplicity and ease of operation. The quick-release locking
pin will allow for the sample locations to be directly in the load path, which will reduce
the risk of any eccentric loading. This design focuses on the sliding mechanism, and
leaves the jack and load cell capabilities up for preference.

Figure 11. Design Concept 2 – Two-post design with peg-board sample plate locator.

The design shown in Figure 11 above consists of a simple two-post system,
where the top and bottom plates are fixed, and the middle plate slides up and down as
the jack loads or unloads the system. The jack is a miniature screw jack that can supply
a 3-ton load, which can provide more than the required 2,000 lbs. Two lengths of square
tubing are used to help give a wider and more stable footprint. There are two linear ball
bearing flanges that will help guide the sliding beam up and down the vertical rods with
minimal friction and angularity. Hanging from the top beam is a spacer plate, which
provides clearance for the load cell so everything is not cluttered in a tight area at the
top. This will provide more room for the operators’ hands to work the machine.
The orange and purple components consist of the main operations for the
sample area. The bottom orange plate consists of a peg board system, which is used to
move the sample plates, so when a sample bearing is placed between the plates the
load path will always be concentric. This reduces the opportunity for any eccentric
loading, resulting in misleading measurements. There are holes in the corners of the
purple sample plates, which allow a locating pin to keep the sample plates in position on
the peg board system. A sample tray, the orange part between the two purple sample
plates, will help keep the sample bearing in place. The extension on one of the sides of
both sample plates allows a measurement recording device to measure the

displacement between the approaching surfaces. Not shown, is a grid label will be
affixed to the surfaces in test on the sample plates to keep records of which test loading
was applied at those locations.

Figure 12. Design Concept 3 – Two post design with modified peg-board sample plate locator.

The design shown in Figure 12 above, like the preceding design, consists of a
simple two-post system, where the top and bottom plates are fixed, and the middle plate
slides up and down under the influence of a jack. The jack for this design is a two-ton
ball-screw jack. Two linear bearings, modeled within the middle tubing, reduce friction in
sliding and help alleviate any angularity that may arise during loading of the system. A
spacer plate separates the load cell from the top tubing, providing clearance for
positioning of displacement sensors without interfering with the motion of the apparatus.
Eccentricity of the load path is maintained by positioning the bearing under the load cell
for each sample taken. The specific positioning of the sample plates is achieved by
numerous mating concave and convex holes machined into each sample plate.
Concepts from each of these three designs were combined together, resulting in
the fourth design concept, described in the following section. A QFD house, shown in
Appendix G, was set-up and through little knowledge of setting up one, we were able to
see that overall our 4thconcept was the best choice. We had our Preliminary Design
Review at Parker with five employees before Thanksgiving break. During this three-hour
discussion, we learned that the engineers we worked with do not often use QFD’s for
their design selection. Instead we relied on in-depth discussions during the presentation
to collaborate on the best part. By the end of the PDR, while a list of necessary action

items had been generated, it was unanimously agreed that we should move forward
with finalizing the fourth design.

Description of the Final Design
Detailed Design Description
Combining some of the initial concepts, we were able to obtain a design to meet
all of the goals for the project. An image of the final design appears in Figure 13, below
and detailed drawings of each of the components that will need to be manufactured for
this apparatus can be found in Appendix C.

Figure 13. Overall apparatus.

The system has stiff rectangular tubing that will take bending loads with minimal
stress and deflection. There is a spacer block to keep the load cell a certain distance
down from the top rectangular plate to prevent it from interfering with the top rectangular
plate. This allows more space to locate our measurement devices. The sample plates
were designed with three extensions to adapt for three mechanical dial indicators.
Before we decided to invest in highly accurate, expensive dial indicators, we tested for
angularity of the sample plates by using less accurate dial indicators provided by
Parker. We added the use of center mount flange ball bearings instead of the single
edge mount ball bearings. This helped keep the system aligned better, and allowed it to

carry more of a moment in case there is any eccentric loading. The ball screw jack from
Nook Industries helps us obtain the required loads we sought with minimal friction and
resistance. We also incorporated a lifting eye on the top rectangular tube which is to be
used in helping transport the machine, which is a standard for anything over 50 lbs.
The main point to discuss is the sliding plate system, shown in Figure 14, to
move the sample plates around and keep the sample ball concentrically loaded with the
jack and load cell. We have two sets of tracks arranged 90 degrees from each other that
allows us to move left to right as well as front to back. For illustrative purposes in Figure
14, the tracks allowing left to right movement are colored purple and blue, while the
tracks allowing front to back movement are colored blue and green. The gold colored
plates are the sample plates being tested. There are holes located along the tracks that
allow us to lock the location of the sample plate, with a quick release pin, as the loading
occurs.

Figure 14. Close-up of sliding plate system and load cell area.

Another feature displayed in the preceding figure which is worth pointing out is
the assembly designed to retain the sample ball or sample cylinder between the two
sample plates. The purpose of this assembly is to ensure that the ball or cylinder
remains concentric with the load path during positioning and repositioning of the sample
plates via the track system. This assembly consists of the yellow flanged cylinder on the
right and the connected silver colored arm. The silver arm is tipped with a strong
magnet to which the sample ball or sample cylinder is attached. This part of the arm is
hidden by the upper sample plate. The opposite end of the arm is threaded into the
yellow flanged cylinder which is through tapped. The flange is positioned by pins (not
visible) press-fit into rectangular tubing to ensure that the magnetic arm will properly
secure the sample ball (or cylinder) in the load path.

Analysis
Loading and Deformation Calculations
In order to determine the load that the test fixture needs to supply, we performed
analysis on the two cases of a sphere pressed into a flat plate (representing the ball
from a ball bearing) and a cylinder pressed into a flat plate (representing a roller from a
roller bearing) using Hertzian contact stress equations. When two bodies are in contact,
Hertz theorized that the point force causes deformation of the two bodies and that the
resulting area of contact can be related back to the deforming force. As reported in
Shigleys[4], Hertz found these two values to be related by the following expressions,
𝐹 = 2𝜋𝑎2

𝑝 𝑚𝑎𝑥
3
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where 𝐹 is the force between the two bodies and 𝑎 is the radius of the resulting
contact area. Also 𝑝𝑚𝑎𝑥 is the maximum stress to brinelling, or permanent surface
deformation of the material, and 𝜈 is Possion’s ratio, 𝐸 is the Modulus of Elasticity and 𝑑
is the body diameter, for both bodies.
These values were checked by performing analysis on the same two cases using
Roark and Young’s equations for stresses between contact bodies. The actual value of
the maximum load that would be needed was determined by following the specifications
from Parker Aerospace that the hardest materials tested would be of AISI 52100 steel
and that the largest ball diameter would be 0.5 inches and the largest cylinder
dimensions would be diameters and lengths of 0.25 inches.
The equations for Hertzian contact stress analysis were compiled in Engineering
Equation Solver, the formatted output of which is provided in Appendix A. The output
from the Hertzian analysis in EES was checked by hand calculations using the Hertzian
equations and again using the Roark and Young’s equations, with photocopies of the
Roark and Young equations also provided in Appendix A. The load calculated for the
ball bearing on a flat plate through both methods was 213 lbs and for the cylinder on a
flat plate was calculated by Herzian equations to be 1903 lbs and by Roark and Young
equations[17] to be 1906 lbs.
During the initial weeks of this project, the Hertzian contact stress calculations
were performed for only a ball on a flat plate with the ball having a diameter of 1.0 inch.
This was to allow us to compare our calculated load value against published values for

AISI 52100 that were being referenced by Parker Engineers. When checking these first
load calculations by Hertzian equations as entered in Microsoft Excel and checked by
hand, with Parker engineers, they initially indicated that our calculations had to be
incorrect because they were less than their published values by an approximate factor
of ten. After this was communicated, we repeated our hand calculations, entered the
Hertzian equations into EES and performed roughly two weeks of research, reading
through numerous technical papers on methods of determining, specifically, the
Brinelling limits of ball bearings or, generally, the deformation of contacting bodies. After
these two weeks of being in a veritable design freeze as we tried to determine why we
continued to get load values that remained in the same range of values regardless of
the methods used, we checked back with Parker’s engineers. During this follow-up
teleconference, Parker’s engineers communicated that they had realized an error in the
published values they had been referencing and that they now agreed that the load
value initially reported through Hertzian analysis had been correct. With our calculation
methods validated, we proceeded to repeat our calculations for the loads required to
bring a 0.5 inch ball and a 0.5 inch diameter and 0.5 inch length cylinder to the onset of
Brinelling and further checked these values against the loads we calculated through
Roark and Young analysis.
Using Hertzian contact stress analysis for the cylinders, the equations changed a
bit from those used for the ball on a flat plate. Again from Shigley’s [4], the equations are
as follows,
𝐹=

𝜋𝑏𝑙 𝑝 𝑚𝑎𝑥
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With the load values known, we calculated the total deformation of the materials
for both cases. This allowed us to determine the resolution of deformation sensors and
provided a guide in determining required stiffness of the apparatus, as any appreciable
deformation of the structural members of the fixture could not be allowed to occur in
such a manner that they would affect the accuracy of the deformation measurements.
For the calculations of the deformations, equations presented in National Standards
Laboratory Technical Paper No. 25[13] were used. For the ball on a flat plate, we
calculated a deformation of 0.0007136 inches using
1
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and for the cylinder on a flat plate, we calculated a deformation of 0.0011223 inches
using
𝐹 1−𝜈 12
𝜋𝐸1

𝛿𝑚𝑎𝑥 = 2 𝑙

1 + ln

𝑙2
1−𝜈 2
1 𝐹𝑑
𝜋 𝐸1 𝑙 1

(6)

Sizing of Structural Members
With the maximum required load values and deformation values determined, we
were able to begin sizing the structural components. Since the load to brinell the
cylinder was significantly higher than for the ball, this was the value chosen to size the
fixture’s structural members against. With this value of 1906 lbs as calculated through
Hertzian equations, we decided to increase the required value to a round 2000 pound
value and make all design calculations off of that value.
For the two vertical column rods, given a design constraint of concentric loading
of the sample materials, no axial loads will be experienced by these members.
Therefore, only normal stress calculations were performed on various sizes of steel
solid rods using the equations for normal stress as presented in Shigley’s[4]
𝜎=

𝐹
𝐴

(7)

where it is worth noting that the force, 𝐹, is one-half the applied load of 2000 pounds in
each rod. The initial EES program compiled and the eventual Excel spreadsheet used
to quickly calculate the stresses and strengths of a number of different rod sizes are
both located in Appendix A.
For the horizontal members, the fixed top beam to which the load cell was
attached and the sliding middle member which was positioned by the jack, more indepth efforts needed to be taken to ensure proper sizing. Modeling the rectangular
tubing lengths as simply supported beams under point loads, the top member was able
to be sized to support the loads that would be transmitted from the jack, through the
sample materials and into the rectangular tubing. This method was also used for the
middle member, however an additional step was taken to determine if the bottom
section of the tubing would buckle under the applied load from the jack. By modeling the
bottom section of the middle tubing as a flat beam with a length equal to the width of the
tubing and a width equal to the tubing’s length and a thickness of only the tubing
material thickness and repeating the bending calculations, no reasonable beam
thickness was found to prevent significant bending in the lower section of this member.
The Excel spread sheets used to expedite these calculations can be found in Appendix
A.

In order to support the transmission of the load from the jack through the
rectangular tubing, a crush tube was designed to be placed inside of the rectangular
tubing, between the jack and the sample plates. This crush sleeve was analyzed using
J. B. Johnson’s equations for short member buckling. Our initial intention for securing
the linear bearings to the middle tubing was to run the bolts the entire depth of the
tubing. To prevent buckling of the tubing due to the tension in the bolts, similar crush
tubing members were designed. Upon further evaluation, two design changes were
made. First it was decided to only secure the linear bearings with bolts short enough to
clear the linear bearing flange and the tubing material thickness, and a bolt head, plus
enough extra threads to conform to standard shop practices. The replacement of long
bolts with short bolts eliminated the need of the crush sleeves. The second change was
to use a total of four linear bearings, two secured to the top of the middle tubing and two
bolted to the bottom of the middle tubing. While the tubing designed for the linear
bearing bolts was no longer needed, we found it to be sufficient to support the total load
being transmitted across the top rectangular tubing. This load is the sum of the preload
in the bolts that fasten the load cell in the top rectangular tubing the transmitted load
through the sample materials.
The bolts for fastening the linear bearings to the sliding rectangular tubing were
designed concurrently with the crush sleeves. A bolt was needed to fasten the bearings,
but no significant loads would be placed on them such that the joined bearings and
tubes would be pulled apart. The bolts also needed to fit in the through-holes machined
into the bearings and the load cells. By picking bolt sizes that would fit these holes and
comparing the total preload from tightening these bolts to the total load under which
crush sleeves of various sizes would not buckle, we were able to determine the
optimum sizing for both the bolts and the crush sleeves. The spreadsheets used to
determine the necessary strength and sizing of the crush sleeves against short member
buckling, to determine the bolt strengths, and to confirm that the bolts and crush sleeves
designed would also function well when used to fasten the load cell can be found in the
near the final parts of Appendix A.
Validation of Structural Stability of Apparatus
One area of concern that was brought up during our CDR with Parker Aerospace
was uncertainty of the stability of the test apparatus against light jostling. This concern
was addressed through two separate calculations. This calculation can be found in their
entirety as the last 3 pages of Appendix A. The first calculation performed was to model
the entire apparatus as a rigid body, simply supported at the base. Then a force was
applied to the top of the apparatus, horizontally and in the direction of the shortest
dimension of the apparatus’ footprint. Using a simple free-body diagram and a
summation of moments equation, the greatest force that the model could support
against tipping, as currently designed, is 20.41 lbs. This value was reported back to the

engineers at Parker who stated that 20 lbs was sufficient, therefore no modifications
were made to the machine.
The second calculation that was performed to verify the stability of the apparatus
was to determine its natural frequency. This would give us insight into the likelihood of
the apparatus being excited to dangerous oscillatory amplitudes due to human
interaction. For this calculation, the oscillation of the half-model was found in the plane
that the force from the previous calculation was applied in. The half-model was modeled
as a vertical mass-less rod pinned to the ground with a torsional spring on its base and
a point mass on the opposing free end. The torsional spring has a spring constant
equivalent to the spring constant of the stainless steel vertical rod of the apparatus. The
point mass has a value equal to the equivalent mass of the half-model. From these
calculations, the natural frequency was found to be 6.9 cycles per second. While this
frequency is not very fast, it should be fast enough for the apparatus to be stable under
normal interactions.

Safety Considerations
While designing this machine, we had to make many considerations to be sure
that it would be safe for the operator as well as any bystanders. We have completed a
thorough analysis on every member in the machine to be sure that it will be stable and
not fail in any manner. One of the main concerns with the machine during operation is
whether there would be any repercussions if the ball bearing were to be eccentrically
loaded or if the bearing would fail.
If the bearing would happen to be eccentrically loaded then there is a chance that
the machine could send it shooting out the side of the machine in any direction based
on how it was eccentrically loaded. To be sure that eccentric loading does not occur, we
will be able to position the ball in the direct line of the load path to avoid any eccentric
loading. We have also considered the analysis of eccentric loading on the bearing and
have found that there would be minimal risks of the ball shooting based on the
angularity.
The other concern with the possibility of the bearing failing was whether it would
shatter or have any projectiles that would compromise the safety of the operator. In
researching this issue, we found that the failure modes of the bearings would be due to
excessive loading or overheating. Neither of these conditions are expected to occur as
the loading will be low relative to what would be required to shatter a bearing and would
be static, eliminating the possibility of heating, much less overheating.
In the case of excessive loading if the bearing is loaded passed the rated
capacity then it will lead to spalling in the bearings. Spalling describes the process of

surface failure in which spall, flakes of a material that are broken off a larger solid body,
is shed as shown in Figure 15.

Figure 15. Spalling due to excessive load on the bearings.

[8]

In the case of excessive heating of the bearing, it will tend to anneal (deprive of
its hardness) the bearing when it operates around 400 degrees Fahrenheit. Once the
ball loses its hardness, its load carrying capability also reduces because of the softness
of the ball. Since a thermal chamber is a goal for this project we will be testing up to 400
degrees Fahrenheit where we might encounter the discussed overheating problem. We
feel that the thermal chamber can in a way also provide as a safety enclosure that will
prevent any form of projectile that could endanger the operator.

Material Selection
In considering materials to be used for the Brinell Limit testing machine, we tried
to keep in mind cost and material properties. The material chosen will be used for the
base plate, sliding plate, top plate, and columns. We tried to figure out the best
geometry of the plates and columns to obtain a secure machine. We found that
standard steel stock will be sufficient enough to give us the material properties that we
need. Although standard steel would work for the columns, Parker engineers requested
we go with a 440C stainless steel stock for its resistance to corrosion. Using the
material properties of steel, we analyzed each part of the system to allow us to choose
what geometries would be sufficient. We decided that we could use aluminum for the
flange spacer, sliding tracks, and the spacer plate since this would lead to greater ease
in the machining process. We found that instead of using just flat plates we could use a
rectangular tube that would give us a better stiffness. To prevent any buckling of these
tubes, we will be using crush sleeves inside to reinforce it. We have also analyzed the

columns for buckling and found that a 0.75” diameter rod will suffice for the structure of
our machine. All of the supporting analysis can be seen in Appendix A. Due to the
calculations shown in Appendix A, it can be seen that SAE grade 5 hardware will be
strong enough to fasten the machine.

Maintenance and Repair Considerations
We will be providing Parker Aerospace with detailed drawings, presented in
Appendix C, as well as the Bill of Materials, in Appendix B, so that they will be able to
make any repairs to the machine. They will have to do visual inspections of the overall
structure of the machine to maintain a safe operating environment. Based on the
frequency of operation, the bolts and nuts will need to be checked for proper torque
every couple months. They will have to do calibrations of the load cell and displacement
measurement device based on the manufacturer’s specifications. If we have extra
material in the end of the fabricating process we can use the excess to make extra parts
so that they can simply swap them out if one fails.

Cost Analysis
Parker Aerospace allocated a budget of $10,000 to this project. Our goal was to
build the machine with the highest quality of components, while keeping cost to a
minimum so that we, and our main contact, stay well under budget. Very little of our
overall costs came from material and hardware selection. We also machined all of the
non-commercially available components ourselves to save labor costs, except for the
sample plates for which Parker offered their machining resources.
As seen in the Bill of Materials (BOM) in Appendix B, the main cost drivers were
the sensor components. The load cells were purchased from Futek, which is local to
Irvine. We compared Futek’s load cells to Transducer Techniques load cells, which
were about $300 less than Futek. Both companies had pros and cons such as
geometry, cost, and setup. We purchased and used two different load cells because the
cylinder and sphere loads vary greatly, and the accuracies of the load cells come from a
percentage of the total rated load. Transducer Techniques load cells had two different
bolt patterns, while Futek had the same bolt pattern between the load cells. This eased
the cost of machining, as well as lowers confusion of interchanging load cells while
trying to line up the bolt holes. Futek has a higher overall cost for everything to obtain
data to be logged onto a laptop, but they only have one simple USB plug instead of
having to buy a couple of extra cables and an external readout. A description of the
Futek sensor and related company literature can be found in Appendix F.
The displacement measuring devices were provided by Parker Aerospace. After
our PDR, it was agreed that we would be unable to predict the required resolution for
measuring the change in the distance between the plates until we had actually tested.
Also, while our design goal was to keep the sample ball or cylinder concentric to the

load path, the slightest eccentricity may cause angularity in the sample plates, with
would affect the recorded measurements. Because of this possibility, we designed the
displacement section to accept mechanical dial indicators with a resolution of .0001”,
supplied by Parker. The initial tests were intended to incorporate three dial indicators,
separated by 120, to allow for averaging if slight angularity occurs. After the initial tests,
it was planned that we would decide if three indicators or fewer will be necessary, and
then what type of resolution will be needed in future testing. A list of various appropriate
sensors is compiled in the BOM should different resolutions be deemed desirable.
The only other reasonably high cost item was the jack. There were many types of
jacks available, but it was ultimately decided that a Nook Industries Ball Screw Jack with
a cost of just under $750 would be purchased. Its gear ratio requires 25 turns to raise
the jack 1” which allows the operator to easily narrow in on specific load values. It only
takes about 10 in-lbs to supply the 2,000 lb load so a mill-like handle was adapted for
the apparatus to help turn the worm gear driven jack. We stayed away from hydraulic
jacks because of previous experiences with similar testing; it was too hard to obtain
specific load values. We have also stayed away from pneumatic jacks because they
require additional parts that can fail, they would produce high air pressure safety
concerns, and the ease of portability would be hindered due to the necessity of air line
connections.
All parts and the quantities needed and associated costs can be found in the Bill of
Materials located in Appendix B. The total project cost includes all costs for commercial
components, raw materials for all machined parts, and all hardware components.
Shipping costs and tax have been included as well, resulting in a final cost of $5,339.27.
This value is well below our budget limit of $10,000.

Product Realization
Manufacturing
Our project team performed nearly all of the machining using the capabilities
available on campus. This was done to save on labor costs and to provide each team
member with the opportunity to gain experience in machining practices. While Parker
offered to machine any parts with specifications beyond our immediate capabilities, we
only utilized this option for the machining of the sample plates as the hardness of the
materials to be used for the apparatus verification would have proven significantly
difficult and time consuming. The jack, linear bearings, hardware, sensors and
instrumentation were purchased from various vendors based on their capability to
accommodate the specific accuracies that this project requires, while the raw materials
were purchased from various vendors based on price and availability of material types
and sizes.

Various shop practices were learned and utilized by our team to properly and
safely manufacture the components needed for this project. The primary tools used
throughout the entire manufacturing process were a mill and a lathe. With the mill, parts
were fly-cut to length, channels were cut using end mills, and holes were drilled along
linear as well as circular patterns.

Figure 16. Milling of the track system

For parts requiring holes in circular patterns, the part was often secured in a
rotary chuck to increase the accuracy and speed of the hole placement. On the mill,
parts were parted or faced to length, turned down to specified diameters, and chamfers.
Other various tools were used throughout the manufacturing process. For gross
material separation, metal chop saws, and vertical and horizontal band saws were used.
The base of the apparatus required some welding and the campus CNC machine was
utilized to machine the geometrically complex dial indicator plates. Grinding wheels,
dremels, and files were also utilized for various tasks.

Figure 17. Dial indicator plate being machined on a CNC mill and base plate after welding.

It was of the utmost importance to adhere to all tolerances indicated in the
detailed drawings developed. This ensured that all components aligned properly, in turn
ensuring that the load path would be kept concentric. The assembly process for this

machine was fairly simple. In order to ensure that all components are properly aligned,
assembly began with the base components with each additional component being
added on top of the previous.

Assembly
For detailed assembly instruction, refer to Appendix D.

Figure 188. Final assembly of brinell limit test machine.

Design Verification
Validation was intended to be achieved by loading 1/2” balls and ¼” rollers
between AISI 52100 steel plates as well as between 440C steel and comparing the
loads at which visual deformation was detected to the loads calculated. All plates were
heat treated to a hardness value of approximately 60 and ground to a smooth finish.
The basic testing procedure for this apparatus was to insert test plates and either
a ball or roller into the sample area and attach all measuring equipment. Then the ball
screw jack was raised up until the load cell indicated the desired load had been
reached. After obtaining all required measurements, the jack would be lowered until the
sample area was no longer under load, and then the samples would be moved along
the tracks until the next sample location was concentric to the load path. Then the jack
would be raised again until the next load was obtained and the process continued until
all empty sample locations had been filled.

The original test procedure developed by our team for Parker’s use was compiled
with the intent of determining the load limit as precisely as possible. To achieve this
goal, the top row would be tested, incrementing from a load well below the expected
brinelling limit for the material at coarse increments to a value above the expected limit.
The sample plate would then be removed and each test site would be visually inspected
for brinelling. The next row would then be tested at finer increments about the value at
which brinelling was found in the previous row. This process would be repeated until the
last row, whereupon the increment value would be small enough to precisely determine
the brinelling limit.
While this was the intended test procedure, the first full sample plates were
tested at equal increments, starting significantly below the expected brinelling limit in the
first row, first column, and ending significantly above the expected brinelling limit in the
last row, last column. The ball was tested over a range from 50 to 575 lbs, loaded at 25
pound increments, with an expected Brinelling load of 213 pounds. The roller was
tested over a range from 1050 to 2000 lbs, loaded at 50 pound increments, with an
expected Brinelling load of 1975 pounds.
Both ball and roller test results resulted in the appearance of visual deformation
for nearly all load values. Both the ball and roller tests exhibited visual deformation for
all load values over 50 pounds. As this did not match our initial expectations, rather than
trying to narrow in precisely on the loads when deformation first began, subsequent
testing was performed in a similar manner. That is, the plates were loaded at coarse
increments, and rough approximations of the brinelling limit were visually determined.
With the only definition for the Brinelling load limit being “the onset of
deformation”, the presence of visible deformation for loads significantly below the
calculated values was concerning at first. In order to prove that the machine still
provides values consistent with theory, the resulting marks were assumed to be the total
area of contact during loading. Since this area of contact was initially calculated, we
measured the diameter of the resulting mark to compare with the calculated diameter.
Since the area of contact produced by the machine matched the calculated areas of
contact, it can be concluded that the machine does provide loading data consistent with
theory. Further explanation for the discrepancy that arose in the visual appearance of
brinelling is presented in the conclusion.

Conclusions and Recommendations
The goal of the project was to design, fabricate, assemble, and validate through
testing a machine to determine the loads at the onset of Brinelling for different metals
and would allow for multiple measurements to be taken from each set of sample
materials tested. Some of the secondary design requirements were for the test fixture to

be portable, small enough to be used as a desktop unit, be able to accommodate a
thermal chamber around the test area, and also provide measurements of the total
deformation of the sample materials when under load. Finally, time allowing, Parker
Aerospace requested that the senior project team devote the last part of the last quarter
to using the machine to provide data for a number of materials that they will provide.
To meet these requirements, our team invested the first few weeks of the first
quarter to researching current market Brinell test machines and studied currently
accepted theory on the calculation, testing and detection of the onset of Brinelling. After
the research phase, each team member independently developed concepts for a
machine that would meet these requirements. After the individual concepts were
developed, the team collaborated together, incorporating the strong aspects of each
design into one master design, which was approved in a design review with Parker
engineers during the first quarter and modified to better meet the project criteria over
several meetings and teleconferences throughout the second quarter.
After the concept had been approved, all main components were designed using
extensive calculations to ensure longevity of the machine and safety against sudden
failure during the first quarter and the beginning of the second quarter. The entire
design was built into a solid model and drawings for each component were developed.
The majority of the second quarter was spent modifying these drawings to Parker’s
specifications, using geometric dimensioning and tolerancing. Also during the second
quarter, vendors were established for the provision of the raw materials that were to be
machined during the third and last term of the project.
With the majority of the drawings approved by Parker engineers, our team
ordered materials at the start of the third term and began machining on campus. Over
the course of the term, drawings were further updated and modified, either by direction
from Parker, or as issues were encountered during the manufacturing. In nearly all
cases, the parts were machined in order from the base up, allowing for the apparatus to
be assembled in tandem with manufacturing. This resulted in being able to start testing
as soon as manufacturing had been completed.
During testing, brinelling was perceived to occur for both ball and roller tests at all
load values over 50 pounds. From discussions of our test data with Parker engineers, it
was determined that the appearance of surface deformation was due to the rough
surface finish of the sample plates. Since the plates had only been ground to a mildly
smooth finish, the perceived deformations at low load values were concluded to be due
to the ball or roller deforming the microscopic peaks of the finish. A repeated visual
inspection of the sample plates resulted in our team agreeing that a faint distinction
could be seen between load sites where only the roughness of the surface finish had
been deformed and where full brinelling had occurred. Parker engineers believe that

running the tests again on sample plates with a well polished finish will provide better
results. This will allow for the original test plan to be followed and the actual brinelling
load limit to be precisely determined
After working closely with our sponsor, we feel that we have thoroughly
considered and adequately met all of the main specifications required in this project and
are providing a quality end product. Additionally, the final product meets a handful of the
secondary design specifications. The apparatus, while heavy, has been outfitted with an
eye-hook, allowing for the entire unit to be safely lifted and transferred via a portable
jack, meeting the secondary requirement of making the test apparatus portable. With a
12 inch by 10 inch footprint and a height of approximately 25 inches, the test apparatus
easily meets the secondary requirement of being usable as a desktop unit. Also, given
the small body, the addition of a thermal chamber to the apparatus would require
minimal time and effort from Parker engineers, meeting yet another of the secondary
requirements. With all of the analysis that went into the various components of our
project, our team is confident that the machine will be stable and safe for the operator at
the maximum load cases possible with plenty of margin for error. A complete Bill of
Materials has been developed, consisting of all apparatus components and associated
pricing. The apparatus and all relevant detailed part drawings are prepared and ready
for delivery to Parker Aerospace.
Only two of the listed project requirements remain unmet by the efforts of this
team. We have been unable to correlate the recorded displacement measurement data
to the total deformation of the sample materials under load. Also we were unable to run
any tests of additional materials. It is worth noting that the first unmet requirement is a
secondary requirement, and does not affect the completion of the main requirements as
set forth by Parker Aerospace. Additionally, the second requirement not met was
intended to only be performed if time allowed. Parker engineers are currently in
discussions with Cal Poly’s engineering department to continue testing and analysis as
another senior project. Since we were unable to perform the mentioned additional tests
due to time constraints, this unmet requirement again does not detract from a finished
project.
Some recommendations from our team to better improve the design and function
of this machine are included below.


Devise correlation between measured dial indicator locations and actual
compression distance at the sample location. Once an accurate means of
performing this correlation is established, purchasing of digital dial
indicators with USB connectors for logging of data directly to a computer.
This team considered Chicago Dial Indicators LP3600 suitable for this
application.







Develop a locking mechanism for the jack wheel to hold loaded apparatus
stationary. Another option is to research other jacks or jack screws that
are not back-drivable.
After purchasing electronic dial indicators, a program (such as WinWedge)
along with a USB junction box would aid in real-time data logging. This will
allow for real-time analysis of compression distances as a function of the
exact load being applied.
Purchase of a permanent marker, or labels, for labeling the Test Plates
and locating sample brinell markings to prevent smudges and losing
information.

Appendix A
Analysis Support
Cal Poly Brinelling Calcs 091206

Roark and Young Stress and Deflection Hand Calculations

Column Deflection

Excel Column Rod Calculations

Excel Spreadsheet of Calculations of Rectangular Tubing

Excel Spreadsheet of Calculations of Flat Plate as Horizontal Member

Excel Spreadsheet of Buckling Calculations for Crush Sleeves

Thread Calculations

Excel Spreadsheet Comparing Chosen Crush Sleeve Strength to Actual Load

Hand Calculations Verifying Stability of Final Design

Appendix B
BOM

Appendix C
Detailed Drawings

Detailed Drawings Have Been Deleted From This Library Copy Per Confidentiality Agreement With Parker Aerospace

Appendix D
Assembly Instructions

Assembly Instructions Have Been Deleted From This Library Copy Per
Confidentiality Agreement With Parker Aerospace

Appendix E
Vendors
Acuity Laser

Phone:

1-503-227-5178

Address:

Boeckeler
Phone:
Address:

2765 NW Nicolai Street
Portland, OR 97210

1-800-552-2262
4650 S. Butterfield Dr.
Tucson, AZ 85714

Chicago Dial Indicators
Phone:
1-800-344-GAGE
Address:
1372 Redeker Rd
Des Plaines, IL 60016
Futek
Phone:
Address:

1-800-23-FUTEK
10 Thomas
Irvine, CA 92618

Pacific-Bearing
Phone:
1-800-962-8979
Address:
6402 Rockton Rd
Roscoe , IL 61073
Nook Industries
Phone:
1-216-271-7900
Address:
4950 East 49th Street
Cleveland, OH 44125-1016

Appendix F
Vendor Literature

Boeckeler

Chicago Dial Indicators

Futek

Pacific-Bearing

Nook Industries

Appendix G
Senior Project Timeline
Ghantt Chart Tasks

Ghantt Chart for Fall Quarter 2009

Ghantt Chart for Winter Quarter 2010

Ghantt Chart for Spring Quarter 2010

Appendix H
Quality Function Deployment
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